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Ribonuclease H3 from Bacillus stearothermophilus (Bst-RNase H3) has the N-terminal TBP-like
substrate-binding domain. To identify the substrate binding site in this domain, the mutant proteins
of the intact protein and isolated N-domain, in which six of the seventeen residues corresponding to
those involved in DNA binding of TBP are individually mutated to Ala, were constructed. All of them
exhibited decreased enzymatic activities and/or substrate-binding afﬁnities when compared to
those of the parent proteins, suggesting that the N-terminal domain of RNase H3 uses the ﬂat sur-
face of the b-sheet for substrate binding as TBP to bind DNA. This domain may greatly change con-
formation upon substrate binding.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ribonuclease H (RNase H) (EC 3.1.26.4) is an enzyme that
speciﬁcally hydrolyzes the RNA strand of RNA/DNA hybrids in
the presence of divalent metal ions, such as Mg2+ and Mn2+ [1].
Based on the difference in the amino acid sequences, RNases H
have been classiﬁed into two major families, type 1 and type 2
RNases H [2,3]. RNase H3, which has previously been designated
as RNase HIII, is a type 2 RNase H. RNase H3 is distinguished from
other type 2 RNases H by the presence of a long N-terminal exten-
sion and a unique DEDE active-site motif. According to the crystal
structure of Bacillus stearothermophilus RNase H3 (Bst-RNase H3), a
long N-terminal extension is folded into an independent domain
[4]. The structure of this domain (N-domain) is similar to that of
TATA-box binding protein (TBP), while the structure of the RNasechemical Societies. Published by E
e H3, RNase H3 from Bacillus
anaya).
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yo-ku, Kyoto 606-8522, Japan.H domain is similar to those of archaeal RNases H2, despite their
poor amino acid sequence similarities (<20%). The association con-
stant of Bst-RNase H3 for substrate binding is reduced by 28-fold
by removal of the N-domain, whereas the isolated N-domain
(Bst-ND) retains 15% of the substrate-binding afﬁnity of Bst-RNase
H3, suggesting that the N-domain is important for substrate bind-
ing. However, the amino acid residues involved in substrate bind-
ing remain to be identiﬁed.
According to the crystal structure of Pyrococcus woesei TBP
(Pw-TBP) in complex with TATA-box [5], Pw-TBP consists of
two very similar substructures like other archaeal and eukaryotic
TBPs [6], which reﬂect a sequence repeat, and each substructure
uses the ﬂat surface of the b-sheet for substrate binding. There-
fore, it would be informative to examine whether the N-domain
of Bst-RNase H3 uses the same surface for substrate binding. In
this study, we constructed the six Bst-RNase H3 derivatives
and six Bst-ND derivatives, in which the amino acid residues lo-
cated at the ﬂat surface of the b-sheet are mutated to Ala, and
overproduced, puriﬁed, and characterized them. We showed that
all six residues examined, especially Tyr46 and Gln54, are impor-
tant for substrate binding of Bst-RNase H3. Based on these
results, we discuss the substrate binding mechanism of Bst-
RNase H3.lsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics.c
Crystal Q54A-RNase H3
Beamline BL38B1
Wavelength (Å) 1.0
Resolution (Å) 50.00–2.60
Observations 78,882
Unique reﬂections 11,463
Completeness (%) 99.9 (98.9)
Rmerge
a (%) 10.6 (40.2)
Average I/r (I) 18.56 (3.33)
Reﬁnement statistics
Resolution limits (Å) 44.19–2.60
No. of protein atoms 2360
No. of water molecules 58
Rwork (%) 20.4
Rfree
b (%) 23.3
RMSD from ideal
Bond length (Å) 0.006
Bond angles () 0.925
Mean B factors (Å2)
Protein atoms 26.7
Water atoms 38.66
a Rmerge ¼
P j Ihkl < Ihkl > j =
P
Ihkl, where Ihkl is the intensity measurement
for reﬂection with indices hkl and <Ihkl> is the mean intensity for multiply recorded
reﬂections.
b Rfree was calculated using 5% of the total reﬂections chosen randomly and
omitted from reﬁnement.
c Numbers in parentheses are for the highest resolution shell.
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2.1. Preparation of mutant proteins
The pET25b derivatives for overproduction of V42A-, Y46A-,
S48A-, K50A, L52A-, and Q54A-RNases H3 and V42A-, Y46A-,
S48A-, K50A, L52A-, and Q54A-NDs were constructed by PCR using
the QuikChange II Site-Directed Mutagenesis kit (Stratagene). Plas-
mid pET1000st for overproduction of Bst-RNase H3 [7] and the
pET25b derivative for overproduction of Bst-ND [4] were used as
a template. All DNA oligomers for PCR were synthesized by Hokka-
ido System Science. The DNA sequences of the genes encoding all
proteins mentioned above were conﬁrmed by ABI Prism 310 DNA
sequencer (Applied Biosystems).
Overproduction of all kinds of the Bst-RNase H3 and Bst-ND
derivatives in E. coli MIC2067(DE3) and puriﬁcation of these pro-
teins were performed as described previously for Bst-RNase H3
[7]. The protein concentration was determined from the UV
absorption using an A280 value of 0.69 for Y46A-RNase H3, 0.73
for Bst-RNase H3 and other Bst-RNase H3 derivatives, 0.98 for
Y46A-ND, and 1.17 for Bst-ND and other Bst-ND derivatives, for a
0.1% (1 mg ml1) solution. These values were calculated by using
e of 1576 M1 cm1 for Tyr and 5225 M1 cm1 for Trp at 280 nm
[8].
2.2. Circular dichroism (CD) spectra
The far-UV CD spectra were measured on a J-725 spectropolar-
imeter (Japan Spectroscopic) at 25 C. The proteins were dissolved
in 10 mM Tris–HCl (pH 7.5) containing 1 mM EDTA and 50 mM
NaCl. The protein concentration and optical path length were
0.1 mg ml1 and 2 mm, respectively. The mean residue ellipticity,
h, which has the units of deg cm2 dmol1, was calculated by using
an average amino acid molecular weight of 110.
2.3. Crystallization, X-ray diffraction data collection, and structure
determination
Q54A-RNase H3 was crystallized as described previously for
Bst-RNase H3 [9]. X-ray diffraction data sets were collected at a
wavelength of 1.0 Å on beam line BL38B1 at SPring-8, Japan. All
data sets were indexed, integrated, and scaled using the HKL2000
program suite [10]. The structure was solved by the molecular
replacement method using MOLREP [11] in the CCP4 program
suite. The 2.3 Å structure of Bst-RNase H3 (Protein Data Bank entry
2D0A) was used as a starting model. The statistics for data collec-
tion and reﬁnement are summarized in Table 1. The ﬁgures were
prepared by PyMol (http://pymol.sourceforge.net/).
2.4. Protein Data Bank accession number
The coordinates and structure factors have been deposited in
the Protein Data Bank under accession code 3ASM for Q54A-RNase
H3.
2.5. Enzymatic activity
The RNase H activity was determined at 30 C for 15 min by
measuring the amount of radioactivity of the acid-soluble diges-
tion product from the substrate using 3H-labeled M13 DNA/RNA
hybrid as a substrate, as described previously [7]. The reaction
mixture contained 10 mM Tris–HCl (pH 8.5), 50 mM MgCl2 or
10 mM MnCl2, 100 mM KCl, 1 mM 2-mercaptoethanol, 50 lg ml1
BSA, 1.0 lM M13 DNA/RNA hybrid (RNA nucleotide phosphate
concentration), and appropriate amount of enzyme. One unit isdeﬁned as the amount of enzyme producing 1 lmol of acid-soluble
material per minute. The speciﬁc activity was deﬁned as the enzy-
matic activity per milligram of protein.
2.6. Binding analysis to RNA/DNA hybrid
Binding of proteins to 36 bp RNA/DNA hybrid was analyzed
using a Biacore X instrument (BIAcore), as described previously
[4]. The association constant, KA, was calculated from the equilib-
rium levels of the protein binding to the surface as described pre-
viously [12].
3. Results and discussion
3.1. Mutant design
According to the crystal structure of the Pw-TBP-DNA complex
[5], seventeen residues are involved in DNA binding for each sub-
structure. The corresponding residues of Bst-RNase H3 are Asn3,
Leu28, Pro29, Ala30, Ala35, Asp40, Val42, Thr44, Tyr46, Ser48,
Lys50, Leu52, Gln54, Gly55, and Ala57 (Fig. S1a in the Supplemen-
tary Materials). Of them, Val42, Tyr46, Ser48, Lys50, Leu52, and
Gln54 are relatively well conserved in the RNase H3 and/or TBP
sequences. When the crystal structure of Bst-RNase H3 is superim-
posed onto those of Hs-RNase H1 in complex with RNA/DNA hy-
brid [14] and Thermotoga maritima RNase H2 (Tm-RNase H2) in
complex with double-stranded DNA containing single ribonucleo-
tide (DNA–RNA–DNA/DNA) [13], these residues are located far
away from the substrate (Figs. S1b and S1c in the Supplementary
Materials). However, a possibility that the N-domain changes its
conformation upon substrate binding, such that these residues
can contact the substrate, cannot be ruled out. Therefore, these res-
idues were individually mutated to Ala in this study. In order to
analyze the effects of these mutations on the enzymatic activity
and substrate binding afﬁnity of Bst-RNase H3, we constructed
six Bst-RNase H3 derivatives, in which the mutation is introduced
into the full-length protein, and six Bst-ND derivatives, in which
the mutation is introduced into the isolated N-domain of
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V42A-, Y46A-, S48A-, K50A-, L52A-, and Q54A-RNases H3. Like-
wise, the six Bst-ND derivatives are designated as V42A-, Y46A-,
S48A-, K50A-, L52A-, and Q54A-NDs.
3.2. Overproduction and puriﬁcation of the mutant proteins
All of the Bst-RNase H3 and Bst-ND derivatives were overpro-
duced in E. coli cells in a soluble form and puriﬁed. The far-UV
CD spectra of the Bst-RNase H3 and Bst-ND derivatives were sim-
ilar to those of the parent proteins (data not shown), suggesting
that none of the mutations seriously affects the structure of the
protein.
3.3. Crystal structure of Q54A-RNase H3
The crystal structure of Q54A-RNase H3 was determined at
2.6 Å resolution. This mutant protein was selected as a representa-
tive one, because the mutation at Gln54 greatly reduces the bind-
ing afﬁnity of Bst-RNase H3 as indicated below. The overall
structure of Q54A-RNase H3 is essentially the same as that of the
wild-type protein (Fig. 1). The root-mean-square-deviation (RMSD)
between the wild-type and mutant proteins is 0.27 Å for the
coordinates of all Ca atoms. These results indicate that the
mutation of Gln54 to Ala does not seriously affect the structure
of Bst-RNase H3.
3.4. Enzymatic activity
The enzymatic activities of the Bst-RNase H3 derivatives were
determined using M13 DNA/RNA hybrid as a substrate at pH 8.5
and 30 C in the presence of 50 mM MgCl2 or 10 mM MnCl2. The
speciﬁc activities of these proteins are summarized in Table 2. Of
the six mutant proteins, Y46A-RNase H3 exhibited the lowestFig. 1. Stereoview of the crystal structure of Q54A-RNase H3. The structure of Q54A-RNa
side chains of Gln54 for Bst-RNase H3 and Ala54 for Q54A-RNase H3 are shown in cyan a
colored red and blue, respectively. N and C represent the N and C termini.Mg2+-dependent activity, which was 40-fold lower than that of the
wild-type protein. Q54A-RNase H3 exhibited comparable Mg2+-
dependent activity to that of Y46A-RNaseH3. S48A- andL52A-RNas-
esH3weremore active thanY46A- andQ54A-RNasesH3, but exhib-
ited threefold lower Mg2+-dependent activity than the wild-type
protein. V42A- and K50A-RNases H3 were nearly as active as the
wild-type protein. TheMn2+-dependent activities of all mutant pro-
teins examined are decreased as compared to that of the wild-type
protein nearly in proportion to their Mg2+-dependent activities.
These results indicate that each mutation at the N-domain almost
equally affects the Mg2+- and Mn2+-dependent activities of Bst-
RNase H3. We have previously shown that Bst-RNase H3 loses
Mg2+-dependent activity but almost fully retains Mn2+-dependent
activity by removal of the N-domain [4]. The reason why removal
of theN-domaindoesnot seriously affect theMn2+-dependent activ-
ity of Bst-RNase H3 remains to be clariﬁed.
3.5. Substrate binding afﬁnity
To examine whether the mutations affect the substrate binding
afﬁnity of Bst-RNase H3, the enzymatic activities of Bst-RNase H3
and its derivatives were kinetically analyzed in the presence of
50 mM MgCl2. For this analysis, M13 DNA/RNA hybrid was used
as a substrate and substrate concentration was varied from 0.3 to
3.7 lM. The hydrolyses of the substrate by Bst-, V42A-, and
K50A-RNases H3 followed Michaelis–Menten kinetics, while those
by other mutant proteins did not follow it, because their speciﬁc
activities increased as the substrate concentration increased up
to 3.7 lM (data not shown). The kinetic parameters of
Bst-, V42A-, and K50A-RNases H3 determined from the Linewe-
aver–Burk plot are summarized in Table 2. Both of the Km and Vmax
values of V42A- and K50A-RNases H3 are comparable to those of
Bst-RNase H3, although their Km values are slightly higher than
that of Bst-RNase H3. The Km values of other mutant proteins arese H3 (green) is superimposed on that of Bst-RNase H3 (PDB code 2D0A) (gray). The
nd magenta stick models, respectively, in which the oxygen and nitrogen atoms are
Table 2
Speciﬁc activities and kinetic parameters of Bst-RNase H3 and its derivatives.a
Protein Metal Speciﬁc
activity
Relative
sp. act.b
Km Vmax
(units mg1) (%) (lM) (units mg1)
Bst-RNase H3 Mg2+ 1.9 ± 0.4 100 0.82 ± 0.14 3.1 ± 0.6
Mn2+ 1.1 ± 0.2 100 n.d. n.d.
V42A-RNase H3 Mg2+ 1.5 ± 0.2 78 1.4 ± 0.2 2.9 ± 0.4
Mn2+ n.d. n.d. n.d.
Y46A-RNase H3 Mg2+ 0.046 ± 0.010 2.4 >3 –
Mn2+ 0.040 ± 0.009 3.6 n.d. n.d.
S48A-RNase H3 Mg2+ 0.61 ± 0.12 32 >3 –
Mn2+ 0.55 ± 0.14 50 n.d. n.d.
K50A-RNase H3 Mg2+ 1.6 ± 0.3 84 1.3 ± 0.2 3.0 ± 0.5
Mn2+ 1.2 ± 0.2 110 n.d. n.d.
L52A-RNase H3 Mg2+ 0.59 ± 0.11 31 >3 –
Mn2+ n.d. n.d. n.d.
Q54A-RNase H3 Mg2+ 0.068 ± 0.015 3.6 >3 –
Mn2+ 0.060 ± 0.013 5.5 n.d. n.d.
n.d. Not determined.
a The enzymatic activity was determined at 30 C and pH 8.5 in the presence of
50 mM MgCl2 or 10 mM MnCl2 using M13 DNA/RNA hybrid as a substrate. The
experiment was carried out at least twice and the average values are shown
together with the errors.
b Relative Mg2+- or Mn2+-dependent activity.
Table 3
Association constants of the proteins for substrate binding.a
Association constants
Protein KA (M1)  104 Relative KA
Bst-ND 2800 ± 360 1
V42A-ND 220 ± 32 1/13
Y46A-ND 6.4 ± 1.1 1/440
S48A-ND 41 ± 5.5 1/68
K50A-ND 350 ± 52 1/8
L52A-ND 36 ± 4.3 1/78
Q54A-ND 8.5 ± 1.2 1/330
a Binding of proteins to 36 bp RNA/DNA hybrid was analyzed by surface plasmon
resonance. The KA value was calculated from the equilibrium levels of the protein
binding to the surface of the sensor chip, on which the RNA/DNA hybrid was
immobilized. The experiment was carried out at least twice and the average values
are shown together with the errors.
Fig. 2. Inhibition of the Bst-RNase H3 activity by Bst-ND and its derivatives. The
enzymatic activity of Bst-RNase H3 was determined at 30 C in 10 mM Tris–HCl (pH
8.5) containing 100 mM KCl, 1 mM 2-mercaptoethanol, 50 lg ml1 bovine serum
albumin, 50 mM MgCl2, and various concentrations of Bst-ND (solid circle), Y46A-
ND (solid square), S48A-ND (open triangle), K50A-ND (cross), or Q54A-ND (open
circle), by using M13 DNA/RNA hybrid as a substrate.
2316 S. Miyashita et al. / FEBS Letters 585 (2011) 2313–2317estimated to be >3 lM. Thus, the binding afﬁnities of these mutant
proteins are signiﬁcantly reduced as compared to that of the wild-
type protein.
To identify the amino acid residues that signiﬁcantly contrib-
ute to substrate binding, the interactions between the Bst-ND
derivatives and 36 bp RNA/DNA hybrid were analyzed by surface
plasmon resonance using Biacore. It is expected that the effect of
the mutation at the N-domain on the substrate binding afﬁnity of
Bst-RNase H3 is more clearly detected when the interaction be-
tween the isolated N-domain and substrate is analyzed than
when the interaction between the intact protein and substrate
is analyzed. The association constants of Bst-ND and its deriva-
tives estimated from the equilibrium binding level to the sub-
strate are summarized in Table 3. The association constants of
all Bst-ND derivatives are reduced as compared to that of Bst-
ND by 8–440 fold, suggesting that all six residues examined are
involved in substrate binding of Bst-RNase H3, but with a differ-
ent degree of contribution. The association constants of Y46A-ND
and Q54A-ND are reduced by several hundreds fold as compared
to that of Bst-ND, while those of other mutant proteins are re-
duced by at most 77-fold. These results indicate that Tyr46 and
Gln54 are more important for substrate binding of Bst-RNase
H3 than other four residues.The substrate binding afﬁnities of Bst-ND, Y46A-ND, S48A-ND,
K50A-ND, and Q54A-ND were also analyzed by the competition
assay. As shown in Fig. 2, all proteins examined exhibited inhibi-
tory activities, but with a different strength. The [I]50 value, which
represents the concentration of the protein required to inhibit the
activity of Bst-RNase H3 by 50%, was estimated to be approxi-
mately 2 lM for Bst-ND, 4 lM for K50A-ND, 15 lM for S48A-ND,
and >100 lM for Y46A-ND and Q54A-ND. Thus, the abilities of
these proteins to inhibit the activity of Bst-RNase H3 decrease in
the inverse order of their association constants. These results also
indicate the vital importance of Tyr46 and Gln54 for substrate
binding.3.6. Substrate binding mechanism
In this study, we showed that the amino acid residues con-
served in the N-domains of various RNases H3, especially Tyr46
and Gln54, are important for substrate binding of Bst-RNase H3.
Because these residues are located at the ﬂat surface of the b-sheet,
which is exposed to the solvent, the N-domain of Bst-RNase H3
probably uses this surface for substrate binding. A model for the
complex between Bst-RNase H3 and RNA/DNA hybrid, which is
constructed based on the crystal structures of the Hs-RNase H1-
substrate complex [14] and Pw-TBP-DNA complex [5], is shown
in Fig. 3. According to this model, the ﬂat surface of the b-sheet
of the N-terminal TBP-like domain interacts with the minor groove
of the substrate approximately half turn removed toward 50 direc-
tion of the RNA strand from that interacting with the active site of
Bst-RNase H3. The basic protrusion of Hs-RNase H1 [14] and poly-
merase domain of HIV-1 reverse transcriptase [15] also interact
with the upstream region of the substrate, although the distance
between the substrate binding domain and catalytic site varies
for different proteins. Comparison of the Bst-RNase H structure
in a substrate-bound form with that in a substrate-free form sug-
gests that the N-domain is rotated around vertical axis by 130
in a clockwise fashion and moves down toward the substrate.
The ﬂexible linker may permit this rotation and movement of the
N-domain. Tyr46 and Gln54 may form hydrogen bonds with bases
at the minor groove of the substrate. However, further structural
studies will be required to understand the mechanism by which
the N-domain binds to the substrate.
Fig. 3. Stereoview of a model for the complex between Bst-RNase H3 and RNA/DNA hybrid. For construction of this model, the N-domain of Bst-RNase H3 is separated from
the RNase H domain and its structure (PDB code 2D0A) is superimposed onto the structure of the Pw-TBP-TFIIB-TATA-box complex (PDB code 1AIS). The RNase H domain is
also separated from the N-domain and its structure is superimposed onto the structure of the Hs-RNase H1-RNA/DNA complex (PDB code 2QKB). When all four structures are
superimposed with one another, such that the RNA/DNA structure is superimposed onto the TATA-box structure, the C-terminus of the N-domain and the N-terminus of the
RNase H domain are located relatively close to each other. Finally, the structures of TBP-TFIIB-TATA-box complex and Hs-RNase H1 are eliminated, and the C-terminus of the
N-domain and the N-terminus of the RNase H domain are linked. The structure of Bst-RNase H3 in a substrate-bound form (green) is superimposed onto that in a substrate-
free form (gray). For RNA/DNA hybrid, RNA and DNA strands are shown in red and blue, respectively, and their 50 and 30 termini are indicated. For Bst-RNase H3, the amino
acid residues that are mutated to Ala in this study and four active site residues are shown in cyan (green for Bst-RNase H3 in a substrate-bound form) and yellow stick models,
respectively, in which the oxygen and nitrogen atoms are colored red and blue, respectively. The N-domain and RNase H domain are indicated, and a ﬂexible linker between
these domains is shown in orange. N and C represent the N and C termini.
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